An electron-impact ion source based on photoelectron emission was developed for ionization of gases at pressures below 10 −4 mbar in an axial magnetic field in the order of 5 T. The ion source applies only DC fields, which makes it suitable for use in the presence of equipment sensitive to radiofrequency (RF) fields. The ion source was succesfully tested under varying conditions regarding pressure, magnetic field and magnetic-field gradient, and the results were studied with the help of simulations. The processes in the ion source are well understood and possibilities for further optimization of generated ion currents are clarified.
I. INTRODUCTION
The KArlsruhe TRItium Neutrino experiment (KA-TRIN), currently under construction at Campus North of the Karlsruhe Institute of Technology (KIT), will measure the electron neutrino mass in a model-independent way by a kinematic measurement of the shape of the energy spectrum of electrons from tritium β-decay [1] . KATRIN will have a sensitivity on the neutrino mass of 0.2 eV/c 2 , implying an improvement of a factor of ten compared to the precursor experiments at Mainz and Troitsk [2, 3] . This unprecedented sensitivity will enable KATRIN to establish a 5σ discovery potential for m(ν e ) = 0.35 eV/c 2 . Fig. 1 outlines the experimental set-up of KATRIN which adds up to a total length of about 70 m. The β-electrons in the KATRIN experiment originate from the 10 m long Windowless Gaseous Tritium Source (WGTS), followed by differential pumping section (DPS2-F) and a cryogenic pumping section (CPS), which have to reduce the tritium flow rate towards the spectrometer section by 14 orders of magnitude. Superconducting solenoids with magnetic fields up to 5.6 T will guide the electrons through vacuum beam-tubes to the high-resolution electrostatic main spectrometer, where the kinetic energy will be measured.
The gaseous tritium source forms a constant density profile with a column density of 5 × 10 17 cm −2 . This profile is maintained by continuous injection of 1.8 mbar l/s tritium gas into the middle of the WGTS vacuum tube and continuous pumping of the gas at its ends.
Due to the high activity of the WGTS, ions and ion * (Corresponding author) strahinja.lukic@kit.edu † On leave from KFKI, RMKI, Budapest, Hungary ‡ Present affiliation: ITER Organization, Cadarache, France § Present affiliation: Stockholm University, Sweden ¶ Present affiliation: University of Roma Tre, Rome, Italy clusters (e.g. T + , T + 3 , T + 5 , T − ) are created in tritium β-decay itself, as well as in secondary reactions of ions and electrons with tritium molecules. As the endpoint energy of the tritium decay from ionic states is different than from the neutral T 2 molecule, accumulation of ions in the source and the transport section must be prevented in order to avoid distortion of the β-spectrum. Furthermore, since ions are confined by the magnetic field in a similar way as electrons, they are not effectively pumped by the pumping sections and therefore can reach the spectrometer section. An increased background would be the outcome.
To prevent this, a dipole system for ion removal [4] , as well as two Fourier-Transform Ion Cyclotron Resonance (FT-ICR) ion traps for ion-concentration monitoring [5] will be installed in the beam line of the DPS2-F. The dipole system uses the E × B drift to force ions onto a surface with a low-conductivity overlay where they are neutralized. FT-ICR traps rely on analysis of RF signals induced by cyclotron motion of ions to determine their concentration.
In order to test dipoles and FT-ICR traps in conditions that are as close as possible to their KATRIN running conditions, an ion source is needed that can be installed at the entrance of the beam tube to simulate the ion flux that is expected from the WGTS. Moreover, the ion source needs to meet the following requirements:
• Ionization of gas at pressure in the range 10 −5 − 10 −4 mbar, corresponding to the pressure at the entrance of the DPS2-F beam tube.
• Operation in an axial magnetic field in the order of 5 T.
• Low thermal-energy dissipation suitable for operation in liquid-nitrogen cooled environment.
• No RF fields, to avoid interference with the FT-ICR system. • Production of several 10 nA ion current in continuous mode, corresponding to estimated ion flux from the WGTS.
• Uniform ion current over as large part of the electron-transporting magnetic-flux tube as possible.
• No production of ions of elements that condense at liquid-nitrogen temperature, in particular metallic ions. Otherwise, such ions could be deposited on top of the low-conductivity overlays of dipoles upon neutralization, and modify their properties.
In the beginning of the study, an extensive literature research was conducted in order to select a suitable ion source for the application described above. A good overview of well-established gas-ionization methods is present in works by Wolf and Brown [6, 7] .
Sources employing RF and microwave fields [8] were excluded at the outset because of possible interference with FT-ICR. Vacuum discharge ion sources can produce high currents of metallic ions [6] , and are therefore unsuited for the purpose of the test experiment. Photoionization is attractive because light is easy to manipulate, and it is not affected by strong magnetic field. However, because of high photon energies required for ionization of test gases such as deuterium and nitrogen, this mechanism is difficult to apply for this purpose. VUV sources with wavelengths below 80 nm are feasible on the laboratory scale [9] , but the required intensities seem to be prohibitive, especially with regards to the low cross sections for photoionization, and the requirement of low gas pressure.
The electron-impact ionization mechanism features cross sections in the order of 10 −16 cm 2 , and highintensity electron sources are generally feasible. The high magnetic field in DPS2-F is of advantage because it confines electrons radially, thus making their paths longer and increasing the ionization probability. In addition, electrons can be trapped by a suitably formed electrostatic field (Penning trap) for sufficiently long time to make ionization at low pressure effective. For the electron-emitting cathode, the photoelectric emission was selected. It features a negligible heat dissipation, the possibility to illuminate cathodes with relatively large surfaces, as well as full compatibility with strong magnetic fields.
In the following section the design of the ion source is described, including an initial proof-of-principle test. Experimental setup and results of characterization tests of the ion source are shown in section III. Section IV describes models that were used to simulate particle generation and transport in the ion-source, and compares their results to measured electron and ion currents in tests. The summary and outlook follow in section V.
II. CONCEPTUAL DESIGN OF THE ION SOURCE
A. Electrode-system design In order to maximally profit from the presence of the strong axial magnetic field, the electrode system was designed to not only accelerate electrons to energies suitable for ionization, but to also axially trap the electrons as a variant of Penning trap. Fig. 2 shows a simple electrode geometry sufficient to fulfill this requirement. The magnetic-field direction and a sketch of the potential distribution along the beam axis are also shown. Electrons emitted from the photocathode are accelerated by the potential difference between the electron-acceleration grid and the cathode. The following electrode has a cylindrical shape coaxial with the beam tube, and is kept at slightly lower potential than the acceleration grid in order to screen the ground potential of the surrounding beam tube, thus creating additional volume for ionization. Finally, the ion-extraction grid, at slightly more negative potential than the photocathode, extracts ions in the forward direction, while confining electrons to the space between the photocathode and the ion-extraction grid. [10] In order to test this concept and to gain insight into ion currents that could be reached, a prototype ion source was built and tested in a simplified setup. B. Setup and test of a prototype ion source
The prototype [11] was built with a solid copper cathode irradiated from the front side by a Mercury pen-ray UV lamp LSP035 by Lot-Oriel and tested in a magnetic field of up to 145 mT created by an electromagnet with water cooling. A sketch of the setup is shown in fig. 3 . Electron and ion currents were measured in a metallic plate downstream from the ion extraction grid. This experimental phase allowed the test of photoemission from copper, as well as stainless-steel cathode materials, confirmed the transport of electrons through the setup and, finally, confirmed the ionization and transport of ions in the downstream direction.
The emission of electrons from the photocathode was tested in high-vacuum conditions (p < 10 −6 mbar) as a function of the electric potential applied to the pho- tocathode. The electron current saturates at 140 nA for potential more negative than −10 V. Based on irradiance data from Lot-Oriel data sheet for the pen-ray lamp [12] , the total number of photons in the 253 nm line illuminating the surface of the photocathode was in the order of 10 16 s −1 , indicating a quantum efficiency in the order of 10 −4 . In order to measure the ion current, deuterium was injected into the system, and suitable potentials were applied to the ion-source electrodes. The electronacceleration potential difference was 195 V and the magnetic field was 145 mT. Fig. 4 shows the measured ion currents at different pressure levels. At 5×10 −3 mbar, an ion current of 16 nA was measured. At pressures equal or lower than 10 −4 mbar, which is more suitable to the test experiment, the measured ion current was between 1 and 2 nA. This is, however, only part of the total ion production, since in the magnetic field of 145 mT the ion movement is not strongly constrained to the magnetic field lines.
These results, approaching the desired ion-current level for the test of the ion-removal and ion-monitoring instrumentation for the DPS2-F, were an encouragement to pursue the development of this ion-source concept one step further.
C. New design with a back-illuminated cathode
In a second stage, the geometry of the ion source was adapted for the insertion into the beam tube of DPS2-F. In order to be able to place the light source upstream from the cathode, the cathode was realized as a gold overlay on a fused-silica vacuum window.
An illustration of this version of the ion source is shown in fig. 5 . A stainless-steel tube (light tube) is welded through the center of a CF-100 blind vacuum flange. The light source is mounted onto the rear end of the light tube. On the front end of the light tube, the photocathode is mounted via a ceramic-insulator tube with CF-40 vacuum-flange connections. Two contacting bars provide For the tests described here, a HAMAMATSU L10366 vacuum-sealed deuterium-discharge lamp was used as the light source. Its spectrum features a prominent peak at 160 nm. To avoid attenuation of light in this frequency range by atmospheric oxygen, the light tube was evacuated down to ∼ 2 × 10 −2 mbar with a roughing vacuum pump.
For the photocathode, a fused-silica vacuum window was overlaid with a layer of gold of 20 nm thickness, over an intermediate layer of titanium of 10 nm. The titanium layer provides improved adhesion between the gold layer and the substrate. In order to apply potential to the photocathode, an electrical connection was provided via a feedthrough to the photocathode flange. The electrical contact of the gold overlay with the flange was assured by filling the gap between the fused-silica plate and the flange with vacuum-compatible conductive silver. The useful diameter of the photocathode is 32 mm, and at distance of 260 mm from the light source, it covers about 50% of the light-spot surface. 
III. ION-SOURCE TESTS IN HIGH MAGNETIC FIELD A. Experimental setup
In order to test the ion source in conditions similar to those expected at DPS2-F, it was installed in the vacuum setup inside the bore of a 4.7 T superconducting magnet at the Max-Planck Institute for Nuclear Physics (MPI-K) Heidelberg [13] . The setup is illustrated in fig.  6 , including a scheme of electrical connections. A metallic plate was placed immediately behind the ion-extraction electrode to measure electron and ion currents emerging from the ion source. In the ion-current measurements, the potential at the last grid served at the same time as the suppressor electrode to repel back to the plate any secondary electrons created by ion impact.
All measurements were done for two different axial positions of the ion source, schematically shown against the magnetic-field strength in fig. 7 . In the first position, the electrode system was situated at the beginning of the magnet bore, where the magnetic field rises from 0.9 T to 3 T over the length between the cathode and the extractor electrode. In the second position, the electrodes were situated in the homogeneous magnetic field in the axial center of the coil. Since the ion source is meant to be installed at the entrance of the DPS2-F magnet, tests at the beginning of the magnet bore, where the magnetic-field gradient is somewhat steeper than in the DPS2-F, are of particular interest to reveal possible influence of the magnetic-field gradient on the performance of the source. In the following text, the position at the beginning of the magnet bore will be referred to as "edge position", and the position in the center of the coil as "homogeneous-field position". In the edge position, the light tube is 26 cm long and the photocathode is covering 50% of the light spot of the UV-light source. In the homogeneous-field position, in order to reach the axial center of the coil, the light tube had to be adapted to the length of 46 cm, so that the photocathode was covering only 16% of the light spot.
B. Electron current properties
A standard way to measure photoemission current is to directly measure the current in the photocathode. However, in the present design, as a result of photoemission and ionization processes in the light tube, there are additional components of the total cathode current apart from the electron current emitted into the ionization region. Therefore, the electron emission from the photocathode was tested by measuring the current downstream from the cathode, in the metallic plate shown in fig. 6 . As in this setup electrons are strongly confined by the magnetic-field lines, all electrons that are not reflected by the magnetic-field gradient or collected on grid electrodes arrive at the metallic plate. The grid structures of the electron-acceleration and the extractor electrodes cover each about 25% of the cross-sectional area traversed by electrons. The electron-current values shown in the following represent the current measured in the Faraday Cup without correction for electron absorption in the two grids. The pressure in the vacuum tube was kept below 10 −6 mbar during the measurement. The remaining electrodes were at ground potential.
Two series of measurements were performed. Between the two series the ion source was in use for roughly 400-500 hours, which caused aging of the UV-lamp window and of the cathode window due to solarization [14] . The lamp was replaced before the second series of measurements. In the first series [13] the ion source was tested only in the edge position, while in the second series both the edge and the homogeneous-field positions were tested. The electron current measured in the metallic plate as a function of cathode potential in both measurement series is shown in fig. 8 . In the edge position, the electron current saturates for cathode potentials more negative than −10 V. In the first series, the saturation current is 3.8 nA. In the second series, the saturation current is only 2.0 nA. This decrease might be caused by aging of the cathode window, but in part also by differences in intensity between individual UV lamps of the same type. In the homogeneous-field position, the electron current was 40% of that measured in the edge position in the same series. As the geometrical ratio of light-spot coverage in the two positions is only 32%, this indicates that part of the light that was not directly falling on the photocathode was recovered by reflection from the walls of the light tube. This can be further improved by inserting a high-reflectivity foil into the light tube.
For positive cathode potentials, the electron current in the metallic plate reaches zero at +2 V. Due to transmission in the order of 10% of UV light through the photocathode, the metallic plate is also illuminated and emits electron current of several ten pA, measurable as positive current when the cathode is at positive potential.
C. Ion current properties
In order to gain good understanding of the performance of the ion source, three tests were performed, in which the ion current was measured 1) as a function of the potential on the cylinder lectrode, 2) as a function of the potential difference between the accelerator electrode and the cathode (electron-acceleration potential) and 3) as a function of pressure. In all measurements, nitrogen was injected as test gas using a flow controller to maintain desired stationary pressure in the system. All results for ion currents presented here refer to measurements after window aging.
In the first test, the effect of the potential applied to the cylinder electrode was studied. In the ion source, ions are created in that part of volume where electrons have energy above ionization threshold, which is true for the largest part of volume between the cathode and the extractor (see fig. 2 ). However, ions that are created between the cathode and the electron-acceleration grid are attracted by the electrostatic potential back to the cathode. Only ions that are created downstream from the electron-acceleration grid are accelerated forward and contribute to the ion current in the downstream direction. Applying potential to the cylindrical grid, it is possible to increase the effective ionization volume downstream from the electron-acceleration grid. With increasing cylinder potential up to several volt below the potential on the accelerator grid, the upstream ion current can be expected to drop, while the downstream current rises.
To test this, the downstream ion current was measured in the metallic plate, and the upstream ion current was determined by measuring the current in the cathode. In order to subtract contributions from the primary electron current and from the currents in the light tube, the cathode current was measured for each point also without gas injection. The difference between the currents measured in the cathode with and without gas injection gives the upstream ion current slightly increased by the contribution of electrons emitted from the cathode by ion impact.
With nitrogen injection, the pressure in the system was 1.3 × 10 −3 mbar. The pressure without injection was below 10 −6 mbar. The cathode potential was −50 V, the electron-accelerator potential was +100 V, and the extractor potential was −60 V. The upstream and downstream ion currents as a function of the cylinder potential in the edge position are shown in fig. 9 . As expected, the downstream current increases with increasing cylinder potential, while the upstream current drops. The measured ion currents are higher than the primary-electron current, indicating multiple ionizations per primary electron. This is due to a good containment of electrons and a sufficient electron-acceleration potential to induce secondary processes. In the homogeneous-field position (not shown), the ion current is systematically around 40% of the corresponding value in the edge position, corresponding well to the ratio of primary electron currents in both positions, despite the difference in the configuration of the magnetic field in the two test positions. In accordance with the information gained in this measurement, the cylinder potential was kept 10 V below the electron-accelerator potential in all subsequent measurements.
In the second test, the dependence of the ion current on the electron acceleration was studied. With high acceleration potential, the electrons can be expected to have more energy for multiple ionizations, as well as for creation of secondary electrons capable of ionizing the gas. Fig. 10 shows the measured ion currents as a function of potential difference between the electron accelerator and the cathode. The ion current rises sharply with electron energy, reaching over five ionizations per primary electron when the electron-acceleration potential is 300 V at p = 1.3 × 10 −3 mbar. As in the first test, in the homogeneous-field position the ion-current values are systematically 40% of the corresponding values in the edge position.
In the third test, the dependence of the ion current on gas pressure in the ionization volume was studied. Differ- ent pressure levels in the ionization volume were achieved by varying the nitrogen-injection rate. In this measurement, the cathode was held at −50 V, the electronaccelerator grid at 150 V, the cylinder at 140 V, and the extractor at −60 V. Fig. 11 shows the measured ion currents as a function of pressure in the ion chamber. As before, the ratio of ion currents in the two test positions is 40% for all points, corresponding to the ratio of primary-electron currents.
D. Discussion of the experimental results
Using manufacturer data on angular and spectral distributions of light from the VUV lamp [15] , the total number of photons illuminating the rear surface of the cathode in the spectral range between 150 and 250 nm was estimated to be around 4×10 14 . After correcting the measured electron current for the absorption in the grid electrodes, one arrives at an overall quantum efficiency of the photocathode of 10 −4 . An uncertainty in the order of factor 2 to 3 is present in this estimate because of the uncertainty of the intensity of deuterium lamps, and because the reflection of light in the light tube was neglected. X. Jiang et al. [16] report a quantum efficiency of 10 −4 using a similar photocathode as in this work, illuminated with a 257 nm laser, which corresponds to a photon energy just above the threshold for photoelectric emission in gold. In experiments with frontal illumination, Krolikowski and Spicer [17] show that the quantum efficiency increases sharply with increasing photon energy. At a photon energy corresponding to 160 nm wavelength, the quantum efficiency in gold is more than one order of magnitude higher than at the threshold, reaching above 10 −3 . This energy corresponds to the main peak of the VUV lamp used in this test. The reason why the present photocathode does not reach this efficiency might be in the partial absorption of the 160 nm peak by the fused-silica window. This might be improved using a magnesium-fluoride window, characterized by excellent UV transmission down to 120 nm.
The measured ion current of more than 20 nA shows that under suitable conditions multiple ionizations per electron occur, indicating powerful effect of electron trapping on the ionization efficiency. This is crucial for an application like this, where electron-impact ionization is applied at low pressure. The figure of merit is the ion current achievable at pressure of 10 −4 mbar. At this moment, this current is 2 nA. This is roughly the same as the primary-electron current, which is still an excellent result at such low pressure. A very important remark is that in both tested positions the ion current is directly proportional to the primary-electron current at given pressure and at given electrode potentials. This indicates that the magnetic-field gradient, as well as spacecharge effects do not significantly alter the properties of electron and ion transport. Thus one can expect that an improvement in primary-electron intensity will result in a proportional increase of the final ion current.
IV. MODELING OF THE ION SOURCE IN THE FINAL DESIGN
In order to understand the physical processes in the ion source and to optimize its performance, the transport of electrons, as well as their interactions with the gas were simulated using the models described in this section.
A. Transport of electrons
To assess the effect of magnetic mirroring on the transport of electrons, a simple simulation of electron transport was performed in adiabatic approximation. The energy distribution of electrons emitted from the photocathode was sampled from a distribution based on experimental data on photoelectric effect in gold [17] , in conjunction with spectral-intensity data from the manufacturer of the UV-light source [15, 18] . The angular distribution of electrons was simulated using basic assumptions of the classical three-step model of photoemission [19] . The inelastic scattering of electrons in metal was not explicitly taken into account. Its effects are partly present in the experimental energy distribution. The space-charge effect was simulated in an iterative way, based on measured saturation electron currents.
Emission and transport of electrons was simulated under conditions corresponding to the measurement of electron current in the tests of the ion source (see section III).
The validity condition for the adiabatic approximation can be expressed as 1 B dB dt ≪ ω c , where ω c is the cyclotron frequency of the electron, and the expression 1 B dB dt refers to the field seen by the particle in question [20] . This condition is very well fulfilled throughout the setup in both test positions.
The simulated transmission in the homogeneous-field position saturates already for a cathode potential of −100 mV, indicating only small space-charge effects. In the edge position, −6 V are sufficient to transmit 99% of electrons through the magnetic-field gradient. In measured data in both test positions, the electron current rises by another 20% for higher cathode potentials. This might be due to increased electron reflection from grid electrodes at higher energies, as well as to the production of secondary electrons on the grid, which were both neglected in the simulation.
B. Ion-current simulation with electron tracking and scattering
To reproduce ion currents measured in the edge position, field calculations, as well as electron tracking and scattering simulations were performed using the detailed code by one of the authors [21] . The magnetic field was computed using an axisymmetric method with zonal harmonic (Legendre polynomial) expansion; this is much faster than the usual elliptic integral calculation method. As the geometry of the superconducting coil is not available to us, the coil parameters (geometry and amperturns) were adjusted to the measured magnetic field along the axis. For the electric-field computation the boundary element method and an axisymmetric zonal harmonic expansion method were used (the latter is similar to the magnetic field calculation). The grid patterns of the accelerator and extractor grid electrodes are not axisymmetric, but for purpose of field calculation they were approximated by circular ring electrodes. The tracking computation of electrons in the static electric and magnetic fields were made by an 8th order RungeKutta code. Both exact trajectory calculation and adiabatic approximation were tested, and found to agree very well. As the adiabatic approximation is much faster, it was used for the final simulations to save computation time. The energy-and angular distributions of electrons at emission were sampled in a similar way as described in section IV A.
Moving from the cathode towards the accelerator grid, the electrons gain kinetic energy with which they traverse the ionization region. Near the extractor grid they are decelerated, and reflected back towards the cathode. Near the accelerator grid the electrons have an energy between 100 and 300 eV. In this energy region the probability of elastic reflection from metal surfaces is generally small [22, 23] . Therefore, electrons that hit the grid were considered adsorbed by the grid. Secondary electrons produced in that process have small kinetic energies and are at the minimum of the potential energy in the system, so they were not considered for ionization. Due to the constraint by the magnetic field to move along the field lines, electrons can in principle pass the grid electrodes several times before being adsorbed due to the drift of their magnetron center. Electrons that reach the cathode after traversing the ionization region have an energy below 3 eV. At such low energy, the interaction of electrons with clean metallic surfaces is characterized by very high elastic-reflection probability [22, [24] [25] [26] [27] . Accelerated electrons that, by scattering on gas molecules, lose part of their longitudinal energy that exceeds their initial longitudinal energy, do not reach the cathode any more. Thus electrons often traverse the ionization region several times before being either adsorbed on the cathode, or on the accelerator grid, or until their energy drops below the ionization threshold due to non-elastic collisions. The motion of all secondary electrons created in ionization events was followed as long as they had enough energy for ionization.
To our knowledge, data for reflection of ultra-low energy electrons on gold surface are unfortunately not available. The simulations presented here were performed with several values for reflection probability. The results are compared and discussed below.
The probability for electron scattering on gas molecules was computed as the product of the path length, the molecule number density and the total scattering cross section. The decision between elastic, electronic excitation, neutral dissociation and ionization collisions was made on the basis of the ratio of the respective cross sections. During a collision, the electron changes its flight-direction angle relative to the magnetic field. At energies relevant to this simulation, the probability for large scattering angles is high. The following experimental cross sections for electron-N 2 scattering were used:
• Total and differential elastic cross sections from ref.
28, For the angular distributions of inelastic scatterings, cross sections from the code written originally for electron-H 2 scattering [21] were used. Note that the ionization rates in our apparatus are not expected to be sensitive to the electron scattering angle distributions. Ionization events between the accelerator grid and the extractor grid were counted to obtain the total number N ion of ions that contribute to the downstream ion current. This number was corrected downwards for 25% absorption probability on the extractor electrode. The ions created by ionization collisions between the cathode and the accelerator grid were not counted as contributing to the downstream ion current, since these ions are accelerated to the cathode, and thus cannot reach the Faraday cup. The secondary electron emission due to the positive ions hitting the cathode was neglected. The ratio of ion current to primary electron current was derived from the ratio of N ion to N e . The primary electron current was obtained from measured saturation electron current (see fig. 8 ) by correcting for absorption in the two grids between the cathode and the Faraday Cup in the electron-current measurement.
Simulations were performed with N e = 2000 primary electrons for conditions corresponding to measurements presented in fig. 11 in the edge position. Only for p = 2.2 × 10 −5 mbar 5000 primary electrons were simulated to reach sufficient statistic. The results are compared with the measured values in fig. 12 . Simulation results for 90%, 80%, and zero electron-reflection probability on the cathode surface are shown. If the electron reflection from the cathode is neglected, the simulated ion current is roughly proportional to pressure, which is not the case with the measured data. The reflection probability as high as 90% is required in order to reproduce the shape, as well as the magnitude of the experimental curve. Results at low pressure are particularly sensitive to the used reflection coefficient.
Measurements with varying electron energy values (see fig. 10 ) were also simulated. Fig. 13 represents the results for ion currents as a function of electron acceleration energy. Again, simulation results for 90%, 80%, and zero electron-reflection probability on the cathode surface are shown. The agreement is somewhat less satisfactory than for the pressure dependence, although the results for 90% reflection on the cathode are still within a factor of 2 from all measured values. The discrepancy might be due to details of ion transport in the non-uniform magnetic and electrostatic fields, as well as to neglected secondary-electron emission from the cathode when hit by ions created upstream from the accelerator grid. 
V. SUMMARY AND OUTLOOK
A special type of ion source has been developed to suit stringent requirements of tests on the Transport Section of KATRIN. This ion source is based on electron-impact ionization, whereby electrons are produced by the photoelectric effect. In this way, it is possible to operate the source in moderate as well as high magnetic fields. Due to effective trapping of electrons in the ionization volume, significant ion currents are realized at pressures down to below 10 −4 mbar. No RF fields are used in the source, so that it can be applied together with sensitive instrumentation such as FT-ICR that relies on analysis of RF signals induced by cyclotron motion of ions to deduce their concentration. Furthermore, due to low heat dissipation in the high-vacuum part of the volume, the ion source can be used in environment cooled by liquid nitrogen. The concept of the back-illuminated cathode was successfully employed. It has been shown that the ion source can be operated in moderate gradients of magnetic field, such as those that are typically present at the entrance of a superconducting-magnet bore.
The most important features of the measured ion currents are well reproduced by simulations. Good numerical agreement was achieved after adjusting the, as yet unknown, reflection probability on gold for very-low energy electrons. The value of the reflection probability that allows best reproduction of measured ion currents is plausible in view of experimental results for other metals [22, [24] [25] [26] [27] .
It is of high practical interest to increase the ion current at low pressure and moderate ion energies. The most important way to achieve this is by increasing the primary electron current. The quantum efficiency of the present cathode is 10 −4 . This can be significantly improved by using a window with better transmission in the deep-UV range. If necessary, a UV-light source with higher intensity can be applied.
The installation in the DPS2-F beam tube requires that the ion source is configured with the 46 cm distance between the light source and the photocathode, implying direct illumination of the cathode by only 16% of the light spot. The remaining light can be recovered by improving the reflectivity of the light tube. Grid electrodes can be redesigned to reduce absorption of electrons and ions. These are all topics of ongoing optimization work.
